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DESCRIPTION 
POLYMER ACTUATOR 

Technical Field 

The present invention relates to a polymer actuator. 
Background Art 

The usefulness of robots is attracting attention in 
various fields including nursing care service, dangerous 
work, and entertainment. Robots suitable for these uses 
are required to have articulations (movable parts) similar 
to those of animals that permit complex movements. 

A conventional actuator to drive these movable parts 
is a magnetic rotary motor. This actuator, however, suf- 
fers the disadvantage of being heavy because it is made of 
metal . 

Weight of actuators built into movable parts add to 
loads. Heavy actuator needs large outputs, and powerful 
actuators are large and heavy. This is a dif f icult- to- 
solve contradictory problem. 

Moreover, magnetic rotary motors require speed reduc- 
ers to control rotating speed and torque. Speed reducers 
deteriorate with time as gears therein wear out. 

Ultrasonic motors producing a high torque at a low ro- 
tating speed do not need speed reducers; but they are also 
heavy (and hence poses the same problem as mentioned above) 
because they are made of metal . 

For this reason, there have recently been developed 
polymer actuators in which a light flexible polymeric mate- 
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rial plays an important role. 

They include polymeric piezoelectric elements (which 
employ polyvinyl idene fluoride) , conducting polymer actua- 
tors (which employ electron conducting polymers) , and gel 
actuators (which employ polymeric gel) . 

The gel actuator, particularly the one which employs a 
water- swelling polymeric hydrogel, relies for its action on 
a polymeric hydrogel which changes in volume in response to 
temperature, ionic strength, and pH in its environment. 
The amount of change in volume is 30 to 50% and the change 
in volume generates a force of 0.2 to 0.4 MPa. This per- 
formance is comparable to that of skeletal muscles. 

The polymeric hydrogel, however, has some disadvan- 
tages. It cannot be heated or cooled rapidly. It needs an 
electrolytic solution to control ion concentrations, which 
has to be circulated by a pump and stored in a reservoir. 
Consequently, it is not suitable for small, light systems. 

There is another type of polymeric hydrogel, which is 
called a pH-responsive polymeric hydrogel. This hydrogel 
changes in volume (by electrochemical reactions) depending 
on the pH of its surrounding aqueous solution. 

It is possible to drive and control the pH-responsive 
hydrogel by utilizing the phenomenon that pH changes in the 
neighborhood of electrodes and concentration gradient oc- 
curs due to electrical double layers formed on electrode 
surfaces when a voltage is applied across electrodes placed 
in an electrolytic aqueous solution. 
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The above-mentioned pH- responsive hydrogel has acidic 
or basic functional groups in the polymer constituting the 
gel, so that the gel swells (or changes in volume) depend- 
ing on pH in the aqueous solution surrounding it. 

For example, the one having acidic functional groups 
works in the following way. When it is in an electrolytic 
aqueous solution with a high pH, the acidic groups in the 
gel dissociate protons to become anions, thereby increasing 
in hydrophilicity and generating repulsive forces in or 
between negatively charged molecules. This causes the gel 
to swell. Conversely, in an electrolytic aqueous solution 
with a low pH, the acidic groups in the gel do not dissoci- 
ate but form hydrogen bond between them. This causes the 
gel to shrink. 

By contrast, a pH- responsive polymeric hydrogel which 
has basic groups works in an opposite way. That is, in an 
electrolytic aqueous solution with a high pH, the basic 
groups in the gel protonize to become cations, thereby 
increasing in hydrophilicity and generating repulsive force 
in or between positively charged molecules. This causes 
the gel to swell. 

Thus, when in use, the pH- responsive polymeric hy- 
drogel is immersed in an electrolytic aqueous solution, and 
a voltage of about 1 to 3 V is applied across electrodes 
placed therein. This voltage forms an ion concentration 
gradient in the electrolytic aqueous solution and changes 
the pH value in the neighborhood of the electrodes. This 
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mechanism makes it possible to control the swelling and 
shrinkage of the pH- responsive polymeric hydrogel only with 
a low voltage without requiring heating and cooling units, 
pumps, and reservoirs. 

The deformation that takes place as mentioned above 
may be used for an actuator. In fact, there is known an 
actuator which electrochemically produces curved displace- 
ment from a pH- responsive polymeric hydrogel film held 
between electrodes connected to a voltage source. See 
Patent Document 1 (JP-B No. Hei-7-97912) . 

Unfortunately, the actuator of curved displacement 
type is hardly applicable to robot articulations unlike the 
actuator capable of linearly expanding and contracting like 
skeletal muscles. Thus there has been a demand for the 
actuator which linearly expands and contracts like skeletal 
muscles . 

The gel can be made to expand (elongate) and contract 
without curving if the distance between electrodes is in- 
creased and the gel is brought nearer to one electrode so 
that the gel is less affected by the other electrode. 
However, it is very difficult to fix the gel near one elec- 
trode while allowing the gel to expand and contract freely. 

Application of a voltage across electrodes changes pH 
near the electrodes. Unfortunately, voltage application 
brings about the electrolysis of water, which decreases the 
OH" concentration due to oxidation near the anode, thereby 
lowering the pH and generating oxygen gas, and which also 
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decreases the H"" concentration due to reduction near the 
cathode, thereby raising the pH and generating hydrogen gas. 
The pH change may occur at a place comparatively far from 
the electrodes when current flowing across the electrodes 
increases; however, the evolution of oxygen and hydrogen 
gases and the consumption of water (as a solvent for elec- 
trolyte) still pose a problem with designing a closed ac- 
tuator element. 

The present invention was completed in order to ad- 
dress the above-mentioned problems. It is an object of the 
present invention to provide a closed polymer actuator 
which is capable of linearly expanding and contracting 
without curved displacement and which is also light in 
weight and capable of operation at a low voltage without 
gas evolution and water consumption. 
Disclosure of the Invention 

The present invention is directed to a polymer actua- 
tor which comprises a plurality of gel/electrode complexes 
arranged in an electrolytic aqueous solution, said 
gel/electrode complex being composed of a polymer gel con- 
taining at least either of acidic or basic functional 
groups and electrodes placed in the polymer gel, said elec- 
trodes being made of a material capable of occluding and 
releasing hydrogen electrochemically, such that the polymer 
gel in the gel/electrode complex changes in pH upon appli- 
cation of voltage across the electrodes of the gel/elec- 
trode complexes and each of the gel/complexes changes in 
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volume in response to the pH change . 
Brief Description of the Drawings 

Fig. 1 is a schematic diagram showing the structure of 
the polymer actuator according to one embodiment of the 
present invention . 

Figs. 2A and 2B are schematic sectional views showing 
the polymer actuator according to one embodiment of the 
present invention. They show the polymer actuator in its 
contracted state and expanded state, respectively. 

Figs. 3A and 3B are schematic perspective views show- 
ing gel/electrode complex constituting the polymer actuator 
according to one embodiment of the present invention. They 
show the gel/electrode complex in its expanded (elongated) 
state and contracted state, respectively. 

Figs. 4A and 4B are schematic perspective views show- 
ing gel/electrode complex constituting the polymer actuator 
according to another embodiment of the present invention. 
They show the gel/electrode complex in its expanded (elon- 
gated) state and contracted state, respectively. 
Best Mode for Carrying out the Invention 

The polymer actuator according to one embodiment of 
the present invention will be described with reference to 
the accompanying drawings. The following description is 
not intended to restrict the scope of the present invention. 

A preferred example of the polymer actuator according 
to the present invention is constructed of one unit of the 
gel/electrode complex, with the polymer gel having acidic 
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functional groups, and one unit of the gel/electrode com- 
plex, with the polymer gel having basic functional groups, 
as mentioned below. This example is not intended to re- 
strict the scope of the present invention. Fig. 1 is a 
schematic diagram showing the polymer actuator 1 according 
to the present invention. 

The polymer actuator 1 shown in Fig. 1 is constructed 
of a gel/electrode complex 4a and a gel/electrode complex 
4b. The gel/electrode complex 4a is composed of a poly- 
meric hydrogel 2a having acidic functional groups and an 
electrode 3a placed therein. (It will occasionally be 
called acidic gel/electrode complex hereinafter.) The 
gel/electrode complex 4b is composed of a polymeric hy- 
drogel 2b having basic functional groups and an electrode 
3b placed therein. (It will occasionally be called basic 
gel/electrode complex hereinafter.) 

The gel/electrode complexes 4a and 4b are arranged in 
the closed container 5, which is filled with the electro- 
lytic aqueous solution 6 . The electrodes 3a and 3b pass 
through the ends of the container 5 . 

Incidentally, the gel/electrode complexes 4a and 4b 
are approximately parallel to each other. The container 5 
should preferably be made of a material capable of expand- 
ing and contracting in response to the volume change of the 
gel/electrode complexes 4a and 4b. 

Upon voltage application across the electrodes 3a and 
3b of the gel/electrode complexes 4a and 4b, the polymeric 
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hydrogels 2a and 2b change in pH and the gel/electrode 
complexes 4a and 4b change in volume in response to the pH 
change . 

It is assumed that the electrodes 3a and 3b are made 
of a material capable of occluding and releasing hydrogen 
electrochemical ly. 

The electrodes made of such a specific material work 
in the following way. The anode releases hydrogen to in- 
crease the H"^ concentration and lower the pH value in its 
vicinity. The cathode occludes H"^ (by reduction) to de- 
crease the H"^ concentration and raise the pH value in its 
vicinity. This mechanism permits the pH change in the 
polymeric hydrogels 2a and 2b without the evolution of 
gases (oxygen and hydrogen) and the consumption of water. 

The polymer actuator constructed as mentioned above 
experiences expansion and contraction by the mechanism 
explained below with reference to Figs. 2A and 2B. 

It is assumed that the electrode 3a of the acidic 
gel/electrode complex 4a is an anode and the electrode 3b 
of the basic gel/electrode complex 4b is a cathode. Appli- 
cation of a voltage (1 to 3 V) across these electrodes 
lowers the pH value in the polymeric hydrogel 2a (or in the 
vicinity of the anode 3a) . With the pH value lowered, 
acidic groups in the acidic gel/electrode complex 4a do not 
dissociate but form hydrogen bonds with each other, so that 
the acidic gel/electrode complex 4a contracts. By contrast, 
application of a voltage (1 to 3 V) across these electrodes 
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raises the pH value in the polymeric hydrogel 2b (or in the 
vicinity of the cathode 3b) . With the pH value raised, 
basic groups in the basic gel/electrode complex 4b do not 
protonize but form hydrogen bonds with each other, so that 
the acidic gel/electrode complex 4b contracts. (Fig. 2A) 

When voltage is removed or when voltage polarity is 
reversed, the pH value in the acidic gel/electrode complex 
4a increases. The pH increase causes the acidic groups in 
the acidic gel/electrode complex 4a to become anions, with 
the acidic groups dissociating protons, thereby making the 
acidic gel more hydrophilic and increasing intra- or inter- 
molecular repulsive force due to negative charges. As the 
result, the acidic gel/electrode complex 4a expands. On 
the other hand, the pH value in the basic gel/electrode 
complex 4b decreases. The pH decrease causes the basic 
groups in the basic gel/electrode complex 4b to become 
cations, with the basic groups protonized, thereby making 
the basic gel more hydrophilic and increasing intra- or 
intermolecular repulsive force due to positive charges. As 
the result, the basic gel/electrode complex 4b expands. 
(See Fig. 2B.) 

The polymer actuator 1 according to the present inven- 
tion has the gel/electrode complexes 4a and 4b arranged in 
the electrolytic aqueous solution 6, so that the gel/elec- 
trode complexes 4a and 4b change in volume upon voltage 
application across the electrodes 3a and 3b of the 
gel/electrode complexes 4a and 4b, as mentioned above. 
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Therefore, it obviates the necessity for cooling and heat- 
ing units, pumps, and reservoirs, and it is light in weight 
and is capable of control at a low voltage (say, 1 to 3 V) 
unlike the conventional actuator that changes in volume in 
response to temperature and ion intensity. 

In addition, the gel/electrode complexes 4a and 4b are 
constructed of polymeric hydrogels 2a and 2b having acidic 
or basic functional groups, and the electrodes 3a and 3b 
arranged in the polymeric hydrogels 2a and 2b. Conse- 
quently, both of the gel/electrode complexes 4a and 4b 
expand and contract in the same direction upon voltage 
application. The gel/electrode complexes 4a and 4b in a 
rodlike shape as illustrated expand and contract linearly 
without curved displacement unlike the conventional ones. 

The gel/electrode complexes 4a and 4b change in volume 
in such a way that the polymeric hydrogels 2a and 2b do not 
separate from the electrodes 3a and 3b. Thus, the pH 
change is efficiently transmitted to the gel/electrode 
complexes 4a and 4b. This leads to efficient expansion and 
contraction . 

The volume change of the gel/electrode complexes 4a 
and 4b generates a force large enough to actuate robot's 
articulations (movable parts) . 

The polymer actuator 1 according to the present inven- 
tion has the gel/electrode complexes 4a and 4b, in which 
the electrodes 3a and 3b should preferably have a shape 
which readily follows the volume change of the polymeric 
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hydrogels 2a and 2b. For example, they should preferably 
be a coiled metal wire as shown in Figs. 1 to 3B. In this 
case, the coil follows the volume change of the gel/elec- 
trode complexes 4a and 4b through its elastic deformation. 
The coiled metal wire should preferably be thin and flexi- 
ble so that it easily follows the volume change. 

In the polymer actuator according to the present in- 
vention, the electrodes 3a and 3b arranged in the gel/elec- 
trode complexes 4a and 4b should be formed from a material 
capable of occluding and releasing hydrogen electrochemi- 
cally. This material permits the pH change in the poly- 
meric hydrogels 2a and 2b without gas evolution and water 
consumption. Thus there is obtained the closed actuator 
element . 

The material capable of occluding and releasing hydro- 
gen electrochemically is not specifically restricted; it 
may be selected from any known metals, inorganic compounds, 
and organic compounds, such as metal hydride and hydrogen 
occluding alloy (known as a cathode material for the 
nickel -hydrogen secondary battery) . The latter is suitable 
because of its high hydrogen occluding amount. These mate- 
rials may be used alone or in combination with other mate- 
rials (in the form of mixture or alloy) . 

Preferable among these materials is palladium (Pd) 
that forms metal hydride. It occludes and releases hydro- 
gen electrochemically and it is also more resistant to 
dissolution or passivation due to oxidation or reduction 
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upon voltage application as compared with other metal hy- 
drides and hydrogen occluding alloys. Another suitable 
material is a hydrogen occluding alloy liable to dissolu- 
tion and passivation which is covered with a material (such 
as palladium) which is resistant to dissolution and pas- 
sivation and is permeable to hydrogen. 

The electrolytic aqueous solution 6 may be an aqueous 
solution containing any known water-soluble electrolyte. 

The concentration of the electrolyte in the electro- 
lytic aqueous solution 6 should be 0.01 to 0.5 mol/dm^. As 
the concentration of the electrolyte increases, the ionic 
conductivity increases and the pH change occurs rapidly. 
However, the electrolytic aqueous solution 6 with a high 
concentration absorbs water from the polymeric hydrogels 2a 
and 2b due to difference in osmotic pressure. This pre- 
vents the expansion of the gel/electrode complexes 4a and 
4b. By contrast, the electrolytic aqueous solution 6 with 
a low concentration does not prevent the expansion of the 
gel/electrode complexes 4a and 4b, but it may be slow in 
response . 

The container 5 is one which holds the electrolytic 
aqueous solution 6. It also functions as a terminal which 
converts the displacement of the gel/electrode complexes 4a 
and 4b into a mechanical work. 

The container 5 may broadly vary in shape and mate- 
rial; it is required to tightly seal the electrolytic aque- 
ous solution 6 and to be flexible enough to permit the 
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displacement of the gel/electrode complexes 4a and 4b. It 
should preferably be a baglike container made of film of 
polymeric material such as polyethylene, polypropylene, 
polyvinyl chloride, polyvinyl idene chloride, and fluorocar- 
bon resin. 

The electrodes 3a and 3b of the gel/electrode com- 
plexes 4a and 4b are electrically connected to the elec- 
trode terminal 7, and they project outward from the con- 
tainer 5 while keeping the container 5 air tight. 

The gel/electrode complexes 4a and 4b have their ends 
fixed to the container 5, so that the container 5 expands 
and contract as they change in volume or in response to 
their displacement. 

Therefore, the ends 5' of the container may be fixed 
to a mechanism (not shown) to be moved for mechanical work. 

The end of the container 5 to which the gel/electrode 
complexes 4a and 4b are fixed may function as the electrode 
terminal 7 . 

If the container 5 is not flexible, the ends 5' may 
not be fixed to the container 5 but may be slidable along 
the wall surface of the container 5, so that the container 
5 follows the volume change of the gel/electrode complexes 
4a and 4b. 

In the polymer actuator according to the present in- 
vention, the polymer gel constituting the gel/electrode 
complexes may contain both acidic functional groups and 
basic functional groups. 
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In this case, expansion takes place as the basic 
groups cationize when the pH value of the electrolytic 
solution is low in the gel/electrode complex. When the pH 
value is high, expansion also takes place as the acidic 
groups anionize. However, in the neutral region, both 
ionized functional groups form ion complexes through ionic 
bond, which results in contraction. 

This phenomenon was confirmed to occur also in the 
case where the polymer gel constituting the gel/electrode 
complexes is composed of a polymer having acidic functional 
groups and a polymer having basic functional groups. 

The gel/electrode complex mentioned above functions 
such that the gel expands whenever the electrode potential 
is made either noble or base in the neutral electrolytic 
solution and it contracts when the electrode potential is 
restored to an equilibrium. 

Consequently, this obviates the necessity of using two 
kinds of gels for the cathode and anode. The gel/electrode 
complexes produce linear displacement upon application of 
voltage across the electrodes of the gel/electrode com- 
plexes of the same structure. 

The electrode for the gel/electrode complexes may be a 
coiled object as illustrated in Figs. 1 to 3B; however, the 
electrode for the polymer actuator of the present invention 
is not limited to such a coiled object. It may take on any 
shape that smoothly follows the volume change of the poly- 
mer gel. An example is a mesh- like object shown in Figs. 
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4A and 4B. The mesh- like object also follows the volume 
change of the polymer gel through its elastic deformation 
as in the case of coiled object mentioned above. The mesh- 
like object should preferably be formed from fine flexible 
wires . 

The electrode of the gel/electrode complexes is not 
limited to coiled object or mesh- like object mentioned 
above; it may be formed from any granular or fibrous mate- 
rial mixed with or dispersed in the polymer gel. In this 
case, too, it effectively induces the pH change without 
interfering with the volume change of the polymer gel . 

Moreover, the electrode of the gel/electrode complexes 
may be a combination of a coiled object or mesh- like object 
and a granular or fibrous material. The resulting elec- 
trode will induce the pH change more effectively. 

The polymer gel having acidic or basic functional 
groups which constitutes the gel/electrode complexes in- 
clude polymers having acidic functional groups, such as 
carboxylic acid and sulfonic acid, and polymer having basic 
functional groups, such as primary amine, secondary amine, 
and thirdly amine. 

Examples of the polymers having acidic functional 
groups include polymers of acrylic acid, methacrylic acid, 
vinyl acetate, maleic acid, itaconic acid, vinylsufonic 
acid, and styrenesulf onic acid. 

Examples of the polymers having basic functional 
groups include polymers of ethyleneimine , allylamine. 
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vinylpyridine, lysine, vinylaniline, vinylimidazole, amino- 
ethyl acrylate, methylaminoethyl acrylate, dimethylamino- 
ethyl acrylate, ethylaminoethyl acrylate, e thylme thy 1 amino - 
ethyl acrylate, diethylaminoethyl acrylate, aminoethyl 
methacrylate , methylaminoethyl methacrylate , dimethyamino- 
ethyl methacrylate, ethylaminoethyl methacrylate, ethyl - 
methylaminoethyl methacrylate , diethylaminoethyl meth- 
acrylate, aminopropyl acrylate, methylaminopropyl acrylate, 
dimethylaminopropyl acrylate , ethylaminopropyl acrylate , 
ethylmethylaminopropyl acrylate , diethylaminepropyl 
acrylate , aminopropyl methacrylate , methylaminopropyl 
methacrylate , dimethylaminopropyl methacrylate , ethyl - 
aminopropyl methacrylate , ethylmethylaminopropyl meth- 
acrylate , diethylaminepropyl methacrylate , dimethyl - 
aminoethylacrylamide, and dimethylaminopropylacrylamide . 

If necessary, these polymers may have intra- or inter- 
molecular crosslinking or may be mixed with other polymers. 
They may also be in the form of copolymer composed of dif- 
ferent monomers . 

The gel/electrode complexes are not limited in their 
number so long as at least two units are used in combina- 
tion. In the case where more than one gel/electrode com- 
plex of polymer gel containing acidic functional groups and 
more than one gel/electrode complex of polymer gel contain- 
ing basic functional groups are used in combination, it is 
necessary that the number of the former be equal to the 
number of the latter because the former is given negative 
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voltage and the later is given positive voltage. 

In the case where the polymer gel constituting the 
gel/electrode complexes contains a polymer having acidic 
functional groups and basic functional groups, or in the 
case where the polymer gel constituting the gel/electrode 
complexes contains a mixture of polymers each having acidic 
functional groups and basic functional groups, the total 
number of the gel/electrode complexes should preferably be 
even so that half of them are given negative voltage and 
another half of them are given positive electrode. 

The invention will be described with reference to the 
following examples in which the polymer actuator of the 
present invention is actually prepared and operated. 
Example 1 

In this example, the polymeric hydrogel for the 
gel/electrode complexes is prepared from an aqueous solu- 
tion of monomer, crosslinking agent, and initiator by radi- 
cal polymerization . 

The monomer for the polymer having acidic functional 
groups is sodium acrylate. The crosslinking agent is N,N'- 
methylenebisacrylamide . The initiator is ammonium per- 
sulfate. The aqueous solutions (as the gel precursor) is 
composed of the monomer, crosslinking agent, and initiator 
in a molar ratio of 100:3:1. 

The electrode is a coil (1 mm in diameter) of platinum 
wire (10 |J.m in diameter) . It is placed in a glass tube, 
1.5 mm in inside diameter and 30 mm long, and then it is 
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fixed so that the axis of the coil coincides with the axis 
of the glass tube. 

The glass tube is filled with the gel precursor solu- 
tion. With its both ends closed by rubber stoppers, the 
filled glass tube is heated at 50°C so that the gel precur- 
sor solution undergoes gelation. The resulting gel is 
discharged by applying pressure to one end of the glass 
tube. Thus there is obtained the acidic gel/electrode 
complex (in which the polymer gel contains acidic func- 
tional groups) . 

The acidic gel/electrode complex is immersed in an 
aqueous solution of nitric acid (0.01 mol/dm^) , so that it 
is contracted. Then, the acidic gel/electrode complex is 
immersed in an aqueous solution of sodium nitrate (0.05 
mol/dm^) . The acidic gel/electrode complex, in combination 
with a platinum counter electrode and a silver/silver chlo- 
ride reference electrode, is given a potential of -1.0 V so 
that it is allowed to swell. 

Also, another gel precursor solution is prepared in 
the form of aqueous solution of dimethylaminomethyl acry- 
late (as a monomer for the polymer having basic functional 
groups), N, N' -methylenebisacrylamide (as a crosslinking 
agent) , and ammonium persulfate (as an initiator) , which 
are mixed in a molar ratio of 100:3:1. It is made into the 
basic gel/electrode complex (in which the polymer gel con- 
tains basic functional groups) in the same way as mentioned 
above for the acidic gel/electrode complex. 
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The thus obtained basic gel/electrode complex is im- 
mersed in an aqueous solution of nitric acid (0.01 mol/dm^) 
so that it is allowed to swell. 

Each of the acidic gel/electrode complex and basic 
gel/electrode prepared as mentioned above is placed in a 
tubular polyethylene film, 6 mm in diameter and 50 mm long, 
and one end thereof is heat -sealed. 

The tubular polyethylene film is filled with an aque- 
ous solution of sodium nitrate (0.05 mol/dm^) through the 
open end, which is subsequently heat-sealed. Incidentally, 
heat sealing is performed in such a way that the coil ex- 
tending outward from the ends of the tubular polyethylene 
film is fixed in the polyethylene film. 

Thus there is obtained the polymer actuator con- 
structed as shown in Fig. 1 and Figs. 2A and 2B. 

The resulting polymer actuator, in which the acidic 
gel/electrode complex serves as an anode and the basic 
gel/electrode complex serves as a cathode, was tested by 
applying a voltage of 2 V across the electrodes. It was 
found that the polymer actuator decreased in length between 
the heat -sealed parts from 4 5 mm to 2 5 mm as the result of 
contraction of both of the gel/electrode complexes func- 
tioning as the anode and cathode. 

During contraction, no gas evolution from the 
gel/electrode complex was noticed. 
Example 2 

In this example, the polymeric hydrogel for the 
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gel/electrode complexes is prepared from an aqueous solu- 
tion of monomer, crosslinking agent, and initiator by radi- 
cal polymerization . 

The monomer for the polymer having acidic functional 
groups is acrylic acid. The monomer for the polymer having 
basic functional groups is dimethylaminoethyl methacrylate . 
The crosslinking agent is N, N' -methylenebisarcylamide . The 
initiator is ammonium persulfate. The aqueous solution (as 
the gel precursor) is composed of the acidic monomer, basic 
monomer, crosslinking agent, and initiator in a molar ratio 
of 50:50:3:1. 

The electrode is a coil (1 mm in diameter) of platinum 
wire (10 |J.m in diameter) . It is placed in a glass tube, 
1.5 mm in inside diameter and 30 mm long, and then it is 
fixed so that the axis of the coil coincides with the axis 
of the glass tube. 

The glass tube is filled with the gel precursor solu- 
tion. With its both ends closed by rubber stoppers, the 
filled glass tube is heated at 50°C so that the gel precur- 
sor solution undergoes gelation. The resulting gel is 
discharged by applying pressure to one end of the glass 
tube. Thus there is obtained the amphoteric gel/electrode 
complex (in which the polymer gel contains both acidic and 
basic functional groups) . 

The thus obtained amphoteric gel/electrode complex is 
immersed in an aqueous solution of nitric acid (0.01 
mol/dm^) so that it is allowed to expand. Then the ampho- 



770351/D/l 



20 



S05P0310WO00 



teric gel/electrode complex is immersed in an aqueous solu- 
tion of sodium nitrate (0.05 mol/dm^) The amphoteric 
gel/electrode complex, in combination with a platinum 
counter electrode and a silver/silver chloride reference 
electrode, is given a potential of -1.0 V so that it is 
allowed to contract. 

Two of the thus obtained amphoteric gel/electrode 
complexes are placed in a tubular polyethylene film, 6 mm 
in diameter and 50 mm long, with one end thereof heat- 
sealed . 

The tubular polyethylene film is filled with an aque- 
ous solution of sodium nitrate (0.05 mol/dm^) from the open 
end. The open end is finally heat-sealed. Incidentally, 
heat sealing is performed in such a way that the coil ex- 
tending outward from the ends of the tubular polyethylene 
film is fixed in the polyethylene film. The projecting end 
of the coil serves as the electrode terminal. 

Thus there is obtained the polymer actuator as shown 
in Fig. 1 and Figs. 2A and 2B. 

The resulting polymer actuator, in which one of the 
electrode terminal of the gel/electrode complex serves as 
an anode and the other of the electrode terminal of the 
gel/electrode complex serves as a cathode, was tested by 
applying a voltage of 2 V across the electrode terminals. 
It was found that polymer actuator increased in length 
between the heat-sealed parts from 35 mm to 43 mm as the 
result of expansion of both of the gel/electrode complexes. 
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During expansion, no gas evolution from the gel/electrode 
complex was noticed. 
Example 3 

The same procedure as in Example 1 was repeated to 
prepare the polymer actuator except that the gel precursor 
solution was incorporated with as much Pd powder as 10 wt% 
of the monomer . 

The resulting polymer actuator was tested by applying 
a voltage of 2 V across the acidic gel/electrode complex 
(as an anode) and the basic gel/electrode complex (as a 
cathode) . It was found that polymer actuator decreased in 
length between the heat -sealed parts from 4 5 mm to 31 mm as 
the result of contraction of both of the gel/electrode 
complexes. During contraction, no gas evolution from the 
gel/electrode complex was noticed. 
Comparative Example 

In this example, too, the polymeric hydrogel for the 
gel/electrode complexes is prepared from an aqueous solu- 
tion of monomer, crosslinking agent, and initiator by radi- 
cal polymerization . 

A gel precursor solution is prepared in the form of 
aqueous solution of sodium acrylate (as a monomer for the 
polymer having basic functional groups), N, N' -methylene- 
bisacrylamide (as a crosslinking agent) , and ammonium per- 
sulfate (as an initiator) , which are mixed in a molar ratio 
of 100:3:1. 

The electrode is a coil (1 mm in diameter) of platinum 
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wire (10 |im in diameter) . It is placed in a glass tube, 
1.5 mm in inside diameter and 30 mm long, and then it is 
fixed so that the axis of the coil coincides with the axis 
of the glass tube. 

The glass tube is filled with the gel precursor solu- 
tion mentioned above. With its both ends closed by rubber 
stoppers, the filled glass tube is heated at 50°C so that 
the gel precursor solution undergoes gelation. The result- 
ing gel is discharged by applying pressure to one end of 
the glass tube. Thus there is obtained an acidic gel/elec- 
trode complex (in which the polymer gel contains acidic 
functional groups) . 

Also, another gel precursor solution is prepared in 
the form of aqueous solution of dimethylaminoethyl meth- 
acrylate (as a monomer for the polymer having basic func- 
tional groups), N, N' -methylenebisacrylamide (as a cross- 
linking agent) , and ammonium persulfate (as an initiator) , 
which are mixed in a molar ratio of 100:3:1. 

The gel precursor solution is made into the basic 
gel/electrode complex (in which the polymer gel contains 
basic functional groups) in the same way as mentioned above 
for the acidic gel/electrode complex. 

The thus obtained basic gel/electrode complex is im- 
mersed in an aqueous solution of nitric acid (0.01 mol/dm^) 
so that it is allowed to swell. 

The acidic gel/electrode complex and basic gel/elec- 
trode complex are placed in a tubular polyethylene film, 6 
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mm in diameter and 50 mm long. One end of the tube is heat 
sealed. 

The tube is filled with an aqueous solution of sodium 
nitrate (0.05 mol/dm^) through the open end. Incidentally, 
heat sealing is performed in such a way that the coil ex- 
tending outward from the sealed ends is fixed in the poly- 
ethylene film. 

Thus there is obtained the polymer actuator as shown 
in Fig. 1 and Figs. 2A and 2B. 

The resulting polymer actuator was tested by applying 
a voltage of 2 V across the acidic gel/electrode complex 
(as an anode) and the basic gel/electrode complex (as a 
cathode) . It was found that the polymer actuator decreased 
in length between the heat -sealed parts from 4 5 mm to 41 mm 
as the result of contraction of both of the gel/electrode 
complexes . 

During contraction, gas evolution from the 
gel/electrode complexes was noticed. 

Further, the resulting polymer actuator was tested by 
applying a voltage of 3 V across the acidic gel/electrode 
complex (as an anode) and the basic gel/electrode complex 
(as a cathode) . It was found that the polymer actuator 
decreased in length between the heat-sealed parts from 41 
mm to 35 mm. However, during contraction, much gas evolu- 
tion from the gel/electrode complexes was noticed. 

It is apparent from Examples 1 to 3 and Comparative 
Example that the electrode made of a material capable of 
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electrochemically occluding and releasing hydrogen permits 
the pH value to change in the polymer gel of the gel/elec- 
trode complex without gas evolution and water consumption, 
thereby making the enclosed actuator expand and contract 
linearly in a stable manner. 
Exploitation in Industry 

The polymer actuator according to the present inven- 
tion includes a plurality of gel/electrode complexes ar- 
ranged in an electrolytic solution such that the polymer 
gel changes in pH upon application of a voltage across the 
electrodes of the gel/electrode complexes and each 
gel/electrode complex changes in volume in response to the 
pH change. Therefore, the polymer actuator obviates the 
necessity for heating and cooling units, pumps, and reser- 
voirs unlike conventional ones, and it is light in weight 
and capable of control with a low voltage, say 1 to 3 V. 

Moreover, it is in the form of a closed actuator ele- 
ment that works without gas evolution (resulting from elec- 
trolytic reactions) and water consumption because the elec- 
trode in the gel/electrode complex is made of a material 
capable of occluding and releasing hydrogen electrolyti- 
cally . 

Since each of the gel/electrode complexes is composed 
of a polymer gel containing at least either of acidic or 
basic functional groups and an electrode embedded in the 
polymer gel, the polymer actuator is capable of linear 
expansion and contraction like skeletal muscles without 
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curved displacement unlike conventional ones. 

The linear expansion and contraction due to volume 
change in the gel/electrode complexes will be used to actu- 
ate robots' articulations (movable parts) . 
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